The frontal association cortex (FrA) is implicated in higher brain function [1] . Aberrant FrA activity is likely to be involved in dementia pathology [2] [3] [4] . However, the functional circuits both within the FrA and with other regions are unclear. A recent study showed that inactivation of the FrA impairs memory consolidation of an auditory fear conditioning in young mice [5] . In addition, dendritic spine remodeling of FrA neurons is sensitive to paired sensory stimuli that produce associative memory [5] . These findings suggest that the FrA is engaged in neural processes critical to associative learning. Here we characterize stimulus integration in the mouse FrA during associative learning. We experimentally separated contextual fear conditioning into context exposure and shock, and found that memory formation requires protein synthesis associated with both context exposure and shock in the FrA. Both context exposure and shock trigger Arc, an activity-dependent immediate-early gene, expression in the FrA, and a subset of FrA neurons was dually activated by both stimuli. In addition, we found that the FrA receives projections from the perirhinal (PRh) and insular (IC) cortices and basolateral amygdala (BLA), which are implicated in context and shock encoding [6] [7] [8] . PRh and IC neurons projecting to the FrA were activated by context exposure and shock, respectively. Arc expression in the FrA associated with context exposure and shock depended on PRh activity and both IC and BLA activities, respectively. These findings indicate that the FrA is engaged in stimulus integration and contributes to memory formation in associative learning.
Summary
The frontal association cortex (FrA) is implicated in higher brain function [1] . Aberrant FrA activity is likely to be involved in dementia pathology [2] [3] [4] . However, the functional circuits both within the FrA and with other regions are unclear. A recent study showed that inactivation of the FrA impairs memory consolidation of an auditory fear conditioning in young mice [5] . In addition, dendritic spine remodeling of FrA neurons is sensitive to paired sensory stimuli that produce associative memory [5] . These findings suggest that the FrA is engaged in neural processes critical to associative learning. Here we characterize stimulus integration in the mouse FrA during associative learning. We experimentally separated contextual fear conditioning into context exposure and shock, and found that memory formation requires protein synthesis associated with both context exposure and shock in the FrA. Both context exposure and shock trigger Arc, an activity-dependent immediate-early gene, expression in the FrA, and a subset of FrA neurons was dually activated by both stimuli. In addition, we found that the FrA receives projections from the perirhinal (PRh) and insular (IC) cortices and basolateral amygdala (BLA), which are implicated in context and shock encoding [6] [7] [8] . PRh and IC neurons projecting to the FrA were activated by context exposure and shock, respectively. Arc expression in the FrA associated with context exposure and shock depended on PRh activity and both IC and BLA activities, respectively. These findings indicate that the FrA is engaged in stimulus integration and contributes to memory formation in associative learning.
Results
The Frontal Association Cortex Is Required for Memory Formation in Contextual Fear Conditioning As a model for associative learning, we used a contextual fearconditioning task, which establishes an association between context and shock. To test whether the frontal association cortex (FrA) is involved in memory formation in contextual fear conditioning, we infused (2R)-amino-5-phosphonovaleric acid (APV), an N-methyl-D-aspartate (NMDA) receptor antagonist, anisomycin, a protein synthesis inhibitor, or vehicle into the FrA. APV and anisomycin were infused 30 min prior to, or immediately after, contextual fear conditioning, respectively (experiment 1; Figures 1A and 1B) . Contextual fear memory was assessed by measuring the percentage of freezing time in the conditioning context 1 day after conditioning. Both APV and anisomycin infusions disrupted freezing behavior. When anisomycin infusions were administered into the dorsomedial prefrontal cortex, which is close to the FrA (experiment 2; Figure S1A available online), freezing behavior was comparable to that of mice administered vehicle infusions (Figure S1B) . These results indicate that NMDA receptor activation and protein synthesis in the FrA are required for contextual fear conditioning.
Protein Synthesis in the FrA Is Required for Encoding Both Context and Shock
We aimed to determine whether the FrA encodes context, shock, or both. To this end, we separated 10 min of context exposure and immediate shock by a 1-day interval and infused anisomycin into the FrA after either context exposure or shock (experiment 3; Figures 1C and 1D ). Anisomycin infusions into the FrA immediately after both context exposure and immediate shock disrupted freezing behavior during the test. However, when anisomycin infusions were administered into the FrA 6 hr after context exposure ( Figure 1E ), freezing behavior was comparable to that of mice administered vehicle infusions. These results indicate that protein synthesis in the FrA is required for encoding both context and shock.
FrA Neurons Receive Convergent Information Regarding Context and Shock during Fear Conditioning
Because protein synthesis in the FrA is required for encoding both context and shock, we hypothesized that paired stimuli converge in a subset of FrA neurons to potentially contribute to the memory trace. To visualize stimulus convergence, we analyzed the temporal dynamics of nuclear versus cytoplasmic Arc localization by fluorescent in situ hybridization [9] . Arc is an activity-dependent immediate-early gene that is essential for synaptic plasticity and long-term memory [10] [11] [12] [13] . Transcribed Arc mRNA first appears in neuronal nuclei, and processed Arc mRNA then accumulates in the cytoplasm. Thus, an analysis of the subcellular localization of Arc enabled us to identify active neuronal ensembles during two behavioral tasks [9, 14, 15] . We first examined the time course of the nuclear and cytoplasmic Arc signal after neural activity in the FrA. Mice were exposed to a context for 5 min and sacrificed either immediately or 30 min later (experiment 4; Figures S2A and S2B ). We observed more nuclear Arc + neurons and more cytoplasmic Arc + neurons in the FrA immediately and 30 min after context exposure, respectively (Figure S2C) . Thus, in the following analysis, we identified neurons that were activated w30 min before and immediately before sacrifice based on the cytoplasmic Arc and nuclear Arc, respectively.
To separately visualize neuronal ensembles that transcribe Arc in conjunction with context exposure and shock, we divided contextual fear conditioning into 5 min of context exposure and immediate shock with an interval of 25 min (experiment 5; Figure 2A ). Mice that were preexposed to the conditioning context on the previous day received both context exposure and shock with an interval of 25 min on the *Correspondence: nomura@mol.f.u-tokyo.ac.jp conditioning day. They showed a higher freezing level on the test 1 day later, compared with those that underwent either context exposure or shock ( Figure 2B ).
To analyze Arc expression associated with context exposure and shock, we prepared different mice that were preexposed to the conditioning context on the previous day (experiment 6). The mice underwent either no behavioral task, only context exposure, only an immediate shock session, or both context exposure and an immediate shock session on the conditioning day ( Figures 2C and 2D ). We demonstrate that context exposure increased the proportion of cytoplasmic Arc + neurons and that shock presentation increased the proportion of nuclear Arc + neurons ( Figure 2E ). These results suggest that both context exposure and shock were effective in induction of Arc transcription in FrA neurons. Furthermore, we asked whether the same FrA neurons are dually activated by context exposure and shock by measuring the proportion of cytoplasmic and nuclear double Arc + neurons. The proportion of double Arc + neurons in the fear-conditioning (FC) group was higher relative to chance ( Figure 2F ). This result suggests that a subset of FrA neurons preferentially receives convergent context and shock information during contextual fear learning.
In the experiment above, we transferred mice to the conditioning context when we administered shocks to the mice. Although the time spent in the context was just 6 s, it can be argued that nuclear Arc expression could be attributed to this translocation, but not to footshock. Therefore, we prepared additional behavioral groups (experiment 7; Figure 2G ).
Mice in the 35
0 context group were exposed to the context for 35 min until they were sacrificed. Mice in the 35 0 context + shock group were exposed to the context, given footshock 30 min later, and sacrificed 5 min later. We found a higher proportion of cytoplasmic Arc + neurons but a lower proportion of nuclear Arc + neurons in the 35 0 context group ( Figure 2H ), suggesting that Arc transcription responsive to context exposure decreases over time. In the 35 0 context + shock group, the proportion of nuclear Arc + neurons was higher than that in the 35 0 context group ( Figure 2H ). The proportion of double Arc + neurons in the 35 0 context + shock group was also higher (B) Anisomycin infusions into the FrA immediately after fear conditioning impaired freezing behavior in the memory test (vehicle, n = 9; anisomycin, n = 8; t (15) = 6.1, p = 2.1 3 10 25 , **p < 0.01).
(C and D) Mice underwent 10 min of context exposure on day 1 and immediate shock on day 2. Anisomycin infusions into the FrA after either 10 min of context exposure (C) or immediate shock (D) decreased freezing in the memory test (C: vehicle, n = 9; anisomycin, n = 9; t (15) = 2.4, p = 0.031, *p < 0.05) (D: vehicle, n = 8; anisomycin, n = 8; t (14) = 2.8, p = 0.014, *p < 0.05).
(E) Anisomycin infusions into the FrA 6 hr after 10 min of context exposure had no effect on freezing behavior in the memory test (vehicle, n = 7; anisomycin, n = 7; t (12) = 0.12, p = 0.90). Data are represented as mean 6 SEM. See also Figure S1 .
than that in the 35 0 context group ( Figure 2I ). Our results indicate that footshock induces Arc transcription in the FrA and that a subset of FrA neurons preferentially receives convergent context and shock information during context fear learning.
FrA Neurons Receive Contextual Information from the Perirhinal Cortex and Shock Information from the Insular Cortex FrA neurons were activated in response to both context and shock, suggesting that the FrA receives projections from brain regions that encode sensory stimuli. However, neural circuits that project to the FrA and are involved in fear learning are poorly understood. To investigate the brain regions projecting to the FrA, we infused Alexa Fluor conjugates of cholera toxin subunit B (CTB) [16] into the FrA (Figures 3A and 3B ; Figures  S3A and S3B ). Seven days after CTB infusion, mice were sacrificed either immediately after removal from their home cages (HC group), 90 min after immediate shock (shock group), 90 min after 10 min of context exposure (context group), or 90 min after contextual fear conditioning (FC group) (experiment 8; Figure 3A) . We found robust CTB retrograde signals in the insular cortex (IC), perirhinal cortex (PRh), and basolateral amygdala (BLA) ( Figure 3C ).
To test whether FrA-projecting IC and PRh neurons are activated during fear conditioning, we subjected brain slices including the IC and PRh to c-Fos immunohistochemistry (Figure 3D) . c-Fos is widely used as a neural activity marker [17] . The proportion of c-Fos + neurons in CTB + IC neurons in the shock and FC groups was higher compared with the HC group ( Figure 3E ). In contrast, the proportion of c-Fos + neurons in CTB + PRh neurons in the context and FC groups was higher compared with the HC group ( Figure 3F ). These results indicate that FrA-projecting IC neurons are activated by shock and that FrA-projecting PRh neurons are activated by context exposure in fear conditioning. We do not exclude the possibility that pathways from the IC and PRh to other regions are also activated during fear conditioning, because the proportions of c-Fos + neurons in CTB + IC and PRh neurons in the FC group were comparable to those in overall IC and PRh neurons (IC, 19.0% 6 2.3%; PRh, 16.1% 6 3.9%).
To test whether the IC and PRh are required for the contextual fear conditioning used in this study, we infused tetrodotoxin (TTX), a sodium channel blocker, or vehicle into the IC or PRh 90 min before contextual fear conditioning (experiment 9). TTX infusions into both the IC and PRh prevented fear conditioning ( Figure S4 ), indicating that the IC and PRh are involved in formation of contextual fear memory.
Based on the results above, we expected that the FrA receives shock-related inputs from the IC and context-related inputs from the PRh. To test this possibility, we examined the effect of IC or PRh inhibition on Arc expression in the FrA responsive to shock or context exposure, respectively. First, we infused TTX or vehicle into the IC 90 min before footshock (experiment 10; Figure 3G ). The mice were sacrificed 90 min after footshock, and FrA slices were subjected to Arc immunohistochemistry ( Figure 3H ). TTX infusions into the IC decreased the proportion of Arc + FrA neurons ( Figure 3I ). Next, we prepared different mice and infused TTX or vehicle into the PRh 90 min before context exposure (experiment 11; Figure 3J ). TTX infusions into the PRh decreased the proportion of Arc + FrA neurons (Figures 3K and 3L) . These results indicate that Arc expression in the FrA in response to shock and context exposure depends on IC and PRh activities, respectively. To examine the contribution of BLA activity to context and shock encoding in the FrA, we infused TTX or vehicle into the BLA 90 min before mice were subjected to context exposure and shock (experiment 12; Figure 4D ). Mice were sacrificed 5 min after footshocks, and FrA slices were subjected to FISH for Arc ( Figure 4E ). Intra-BLA TTX infusions decreased the proportion with nuclear, but not cytoplasmic, Arc signals ( Figure 4F ). Intra-BLA TTX infusions also decreased the proportion of neurons expressing both cytoplasmic and nuclear Arc, whereas a chance level was not different between the two groups (t (9) = 2.2, p = 0.06) ( Figure 4G ). These data indicate that Arc expression, responsive to shock, depends on BLA activity.
Discussion
In this study, we show that the FrA is involved in associative fear learning and that it receives converging inputs from the PRh, IC, and BLA, integrates these stimuli, and encodes their association. Further, we specifically demonstrate that PRh and IC (along with BLA) neurons projecting to the FrA are specifically activated by context exposure and shock, respectively. FrA neurons receive contextual information from the PRh. The PRh receives projections from sensory brain areas such as the visual, auditory, and piriform cortices, forms reciprocal connections with the hippocampal CA1 and entorhinal cortex, and then encodes contextual information [18] . Indeed, inhibition of the PRh impairs contextual fear conditioning [19] . Here we found that FrA-projecting PRh neurons were activated by context exposure and that Arc expression in the FrA responsive to shock depended on PRh activity. These results suggest that the PRh-to-FrA circuit is likely to participate in context encoding.
FrA neurons receive shock information from the IC. The IC receives convergent inputs from the somatosensory cortices, ventroposterior and posterior thalamic nuclei, posterior intralaminar nuclei, and midbrain parabrachial nucleus and can be involved in aversive pain sensation [6] . Although the involvement of the IC in fear conditioning seems to depend on the conditions [6, 20] , we confirmed that the IC is required for the contextual fear conditioning that was used in this study. In the present study, we found that FrA-projecting IC neurons were activated by shock, but not context exposure, and that Arc expression in the FrA responsive to shock depended on IC activity. Therefore, the IC-to-FrA circuit could participate in shock encoding.
The BLA-to-FrA circuit is also likely to contribute to contextual fear conditioning. Arc expression in the FrA responsive to shock depends on the BLA as well as the IC. We also found that FrA-projecting BLA neurons are activated during contextual fear learning. These results suggest that the FrA receives shock information from the BLA. Alternatively, the FrA might receive associative information from the BLA, because the association between context and shock is produced in the BLA at the time of shock presentation [21] .
A subset of FrA neurons receives multimodal information from the PRh, IC, and BLA. Because the proportion of neurons responsive to both context exposure and shock was higher than a chance level, a specific subset of FrA neurons may receive convergent information. Neurons that were activated by context exposure could be more likely to be activated by shock than the neighboring neurons that were not activated by context exposure. This allocation mechanism could contribute to associative learning. Further studies are needed to determine whether convergent activation in FrA neurons occurs only during associative learning and then whether such an allocation mechanism contributes to associative learning.
In conclusion, we found a novel form of stimulus integration, involved in associative learning, in the FrA, where convergent activity from context and shock might induce synaptic remodeling in FrA neurons [5] and contribute to memory formation. Because the frontal cortex is implicated in the planning and execution of complex cognitive behavior [22, 23] , memory traces in this region could affect these functions. In fact, subjects with posttraumatic stress disorder show impairment of cognitive behavior, including executive function [24] . In addition, because the frontal cortex receives and integrates multimodal information, traces of different types of memory could affect each other in this region. This might explain an association of diverse memories. 
